Abstract: The significance of fines on the cohesive behavior of mine tailings has been investigated by examining the incipient motion of the tailings. Sixteen laboratory experiments were performed in a Plexiglas laboratory annular column on reconstituted mine tailings under a 50 cm water cover. Re-suspension was produced by a Teflon stirrer and the velocity field in the column was characterized using a laser Doppler velocimeter (LDV). The pressure change in the boundary layer was also measured with a Preston tube. It was observed that the nondimensional critical shear stresses showed deviation from those of the noncohesive model results at a fines content greater than 50%-55%. An empirical relation that shows the relation between the boundary shear stress deviation and the percent fines in the tailings was proposed. Regression analysis of the experimental results showed that a power law relationship could reasonably be used to describe the relation between the measured nondimensional excess bed shear stress and the erosion rate. It is proposed that the value of b (the erosion rate constant) could be taken as 1 for mine tailings that show cohesive behavior.
Introduction
The use of a shallow water cover over mine waste is one of the most effective techniques for managing acid-generating tailings because tailings oxidation is dramatically reduced due to the lower diffusivity and solubility of oxygen in water than in air. However, erosion and subsequent re-suspension of tailings by environmental loadings (loads from wind-induced water waves and pressure-driven countercurrent flows) may lead to tailings oxidation and then to environmental pollution if the water cover depth is insufficient. As a result, sufficient water cover depth that does not allow or allows only permissible re-suspension needs to be provided. In the design of an optimum water cover for mine tailings, critical shear stress is one of the required basic parameters. The critical bed shear stress is usually estimated analytically for noncohesive sediments and experimentally for cohesive sediments. Therefore, understanding the cohesive nature of mine tailings is critical.
Natural sediments can be classified as noncohesive or cohesive. Noncohesive sediments have a granular structure and the individual sediment particles do not stick together. The erosion behavior of such sediments is influenced mainly by their particle size, solid density, and particle shape. Cohesive sediments contain significant amounts of clay-sized material, which have strong inter particle forces due to their surface ionic charges. As particle size decreases, surface area per unit volume (i.e., specific surface) increases, and interparticle forces (not the gravitational force) dominate the behavior of sediments. The erosion behavior of cohesive sediments is not influenced mainly by the particle size and density of individual particles. There is no clear boundary between cohesive and noncohesive sediments as far as surface erosion is concerned; their definition is usually site-specific. In general, finer-sized sediments (<2 mm) are considered cohesive and coarser-sized sediments (>63 mm) are considered noncohesive.
Intermediate silt-sized sediments (2-63 mm) are considered cohesive or noncohesive depending on other influencing factors.
A number of researchers have tried to establish criteria to distinguish between cohesive and noncohesive sediments. Soulsby (1997) reported that cohesion strongly influences the erosion process if the fines fraction of the sediment (<63 mm) is more than 10%. Mignoit (1981) considered cohesive sediments as those sediments that have a mean grain size less than 63 mm. The transition between cohesive and noncohesive sediments was suggested to be 3%-15% mud content (Mitchener and Torfs 1996; Whitehouse et al. 2000) . Mitchell and Soga (1997) and others have defined cohesive sediments as those sediments that have clay content (<4 mm) above 5%-10%. McCave et al. (1995) proposed a 10 mm cut-off for sortability of sediments in their transport model. Van Ledden et al. (2004) have proposed a sand-silt-clay ternary diagram that classifies six categories of sediments. They used average clay content (<4 mm) of 7.5% (5%-10%) as a classifying criterion between cohesive and noncohesive sediments.
Surface erosion of cohesive sediments is influenced mainly by physical, electrochemical, and biological factors. The physical factors include clay content, water content, clay type, temperature, bulk density, and pore pressure (Raudkivi 1998) , whereas the electrochemical factors include the chemistry of eroding and pore fluid (Winterwerp et al. 1990 ). The biological processes may decrease sediment erodibility (e.g., bioturbation, a reworking or packing of the sediment bed by organisms), increase sediment erodibility (i.e., bio-stabilization) or be neutral (i.e., no effect) (Paterson and Daborn 1991; Paterson 1997 ).
There is not much published work that addresses cohesiveness in subaqueous sulphide mine tailings. Indeed, from experimental investigation of fine mine tailings, a number of researchers (Yanful and Catalan 2002; Peacey and Yanful 2003) have found that the erosion equation for tailings resembles that of natural cohesive sediments even at a low clay content (<2 mm) in some cases. This leads to two fundamental questions. Do all mine tailings behave like cohesive natural sediments? Can the classifying criterion (cohesive and noncohesive) for natural sediments be used for tailings? Therefore, the main objective of the present study was to attempt to answer these questions and, via these answers, establish a classification criterion for mine tailings based on their fines contents.
Materials and methods

Samples
The tailings samples used in the present study were laboratory re-constituted sulphide-bearing tailings obtained from the Mattabi mine tailings pond located near Ignace, Ontario, Canada. Sulfide-bearing tailings were also obtained from the Shebandowan mine tailings pond located near Shebandowan Lake approximately 90 km west of Thunder Bay, Ontario, Canada. Kaolinite, a 1:1 layer clay mineral obtained from United Clay Inc., Georgia, USA, was also used in the study.
Physical, chemical, and mineralogical characteristics of the tailings
A series of laboratory tests were carried out using standard testing methods to obtain the basic physical properties of the tailings. The particle-size distributions of the dried tailings were measured using a standard sieve and hydrometer analysis. The specific gravity was also measured. The classification of the tailings was based on American Society for Testing and Materials (ASTM) standard D2487 (Braja 2002) . The salinity and pH of the eroding and pore fluids were measured with conductivity and pH meters, respectively. Tailings mineralogy was characterized using the X-ray diffraction method.
Experimental column description
The erosion experiments were performed in a transparent cylindrical Plexiglas annular column with an internal diameter of 30 cm, a height of 1.25 m, and a thickness of 1 cm. The annular flow width of the column was 9 cm. A 3 cm thick polyvinyl chloride (PVC) plate was screwed to the bottom of the column with a connection gasket to ensure watertightness. A 1 cm thick circular plate, made of Plexiglas, with a radius of 30 cm was fixed at 21 cm above the bottom of the column. This intermediate circular plate was supported by wooden pillars well glued to the wall of the column to ensure watertightness. The column had nine 1 cm diameter openings on its wall. Four of the openings, which were located at 10, 20, 30, and 50 cm from the surface of the intermediate plate, were used as sampling ports. One of the openings, which was located at 75 cm from the surface of the intermediate plate, was used for re-filling of water to compensate for the volume of suspension (sample) taken for the measurement of suspended solids concentration. The other two that were located at 5 cm from the intermediate plate were for pressure measurements. The remaining two openings, located at 3 and 4 cm above the surface of the intermediate plate, were for pore-water pressure measurements. A 50 cm long two-blade Teflon stirrer was used to introduce bed shear stress. Each blade of the Teflon stirrer was 6 cm long and 1 cm thick. As shown in Fig. 1 , the top 3 cm PVC cover plate was fitted with a bearing assembly to ensure that the stirrer was stationary. The stirrer was controlled by an alternating current (ac) motor and the input power to the stirrer was regulated by a direct current (dc) voltage regulator; the stirrer speed was calibrated against the voltage regulator with an accuracy of ±2%. As mentioned in the sample preparation section of this paper, a water cover of 50 cm, 5 cm thick tailings, and a consolidation time of 3 days were used in the column experiments.
Velocity measurements
The velocity field in the annular column was measured by laser Doppler velocimetry (LDV). The annular column was filled with water to obtain a water depth of 50 cm. Commercial seeding particles, titanium dioxide particles with size less than 2 mm, were introduced in the water to facilitate the measurement of instantaneous velocities. The water was stirred by a motor-driven Teflon stirrer. The speed of the motor ranged from 44 to 197 revolutions per minutes (rpm) and was increased in steps. For each stirrer speed, the vertical velocity profile at radial distances of 14, 11.5, 10, and 7 cm from the center of the column were measured with LDV. The LDV equipment used in this study was a Thermo Systems Inc (TSI) laser Doppler model LDP 100 (Thermo Note: Samples were re-constituted by fractionation as in Table 2 . Systems Inc., Shoreview, Minnesota, USA.). The laser Doppler probe was connected to a TSI Intelligent Flow Analyzer (IFA) 600 signal processor. The IFA signal processor was connected to a TSI model 6261 16-bit direct memory access (DMA) board and Laservec software.
Entrainment experiments
Sample preparation
The tailings were air-dried and sorted in size groups using standard sieves. Then, a series of samples were prepared by varying the clay-sized (<2 mm) fines and sand-sized tailings content. Each of the samples (Table 1) was prepared by mixing a pre-determined amount of tailings and regular tap water. The mixing was done manually with a wooden rod for about 20 min and a uniform suspension was produced. The whole suspension was immediately poured into the column and stirred again with the wooden rod for 5-10 min and then with a motor-driven stirrer for about 10 min. Finally, the suspension was allowed to settle and consolidate for 3 days, after which a bed layer, approximately 5 cm thick, was obtained. This process of sample preparation resembles natural settling and consolidation in natural lakes. In all the experiments, sample preparation was done to obtain an approximately 5 cm consolidated tailings layer and a 50 cm water cover. From each of the re-constituted samples in the laboratory, sufficient quantities were left for standard laboratory characterization.
The salinity of the tap water used was 0.115 g/L and its electrical conductivity was measured to be 253 ms·cm -1 . The presence of chlorine (and other similar elements) in a treated tap water could decrease the biological oxidation rate while re-suspension using the Teflon stirrer could increase oxidation. Thus, eventually, the net effect of these two compensating factors on the critical shear stress would be negligible (Yanful and Verma 1999; Yanful et al. 2000; Mian and Yanful 2007) .
For 13 of the samples that were re-constituted in the laboratory by air-drying the Mattabi tailings (samples 1-13), the parameters that could influence the surface erosion of the tailings, such as pH, sodium adsorption ratio, cation exchange capacity, salinity of the pore and eroding fluids, and mineralogy, were approximately the same. The same applied to the re-constituted tailings samples from Shebandowan west cell (sample 14) and Mattabi-Kaolinite mixes (samples 15 and 16). Moreover, the initial and boundary conditions including the consolidation time (i.e., 3 days for each sample) were the same. Therefore, in general, the main difference between the samples used in the study was the particle-size distribution (i.e., amount of clay, silt, fine and coarse sands).
Pore-water pressure measurement in the tailings
Once the tailings sample was deposited in the annular column and covered with 50 cm of water, it was left for consolidation for t3 days. During these 3 days of consolidation, the hydrostatic and total pore-water pressures at the mid-depth of the deposited tailings were measured with a pressure transducer. The hydrostatic pore-water pressure is the pore-water pressure at the steady-state condition, whereas the total porewater pressure is the sum of hydrostatic and excess porewater pressure. The opening at approximately mid-depth of the tailings in the column was connected to a pressure transducer (Model 245/345 Pressure Transmitter) which, in turn, was connected to a data logger -computer system.
Re-suspended solids measurement
The concentrations of re-suspended material were measured for 11 different rotational speeds of the stirrer, starting from 44 up to 197 rpm. Samples were obtained through the sampling ports 10, 20, 30, and 40 min after the stirrer speed Note: D 50 , average particle size diameter; f clay , percentage of clay (<2 mm); f fine , percentage of fines (<63 mm); f sand , percentage of sand; S E-Fluid , salinity of eroding fluid; S P-Fluid , salinity of pore fluid; P E-Fluid , pH of eroding fluid; P P-Fluid , pH of pore fluid.
was increased. Immediately after each sampling, an equivalent volume of water was supplied through the re-filling funnel (Fig. 1) . The concentration of re-suspended solids for each stirrer speed was obtained by oven-drying the corresponding sampled suspension at 100°C for approximately 24 h. By doing so, the concentration of re-suspended materials was related to the stirrer speed of the motor which, in turn, was related to the bed shear stress.
Results and discussion
Physical, chemical, biological, and mineralogical properties of the tailings
The particle-size distributions for the re-constituted tailings samples are shown in Fig. 2 . Table 2 shows the key physical and chemical characteristics of the tailings. The Mattabi tailings were dark in colour, while Shebandowan west cell tailings were brown; both of them had no odor. As per the product specification, 95% of the kaolinite was finer than 2 mm.
An increase in electrolyte concentration of the pore water makes the diffuse double layer thinner. Thus, the interparticle repulsive force decreases and the erosion shear strength increases. A low pH solution of the pore fluid leads to positive edge to negative surface interaction leading to flocculation from suspension, whereas stable suspensions (dispersions) of clay particles often require a high pH value (Mitchell and Soga 1997) . According to Partheniades (2006) , a salinity value lower than 1 g/L has a negligible effect on both the viscosity and mechanical properties of suspended aggregates and deposited beds. The measured salinity of the pore and eroding fluid of the re-constituted samples of the Mattabi tailings (i.e., samples 1-13) was less than 0.214 g/L and the pH was between 3.23 and 6.85 (Table 2) . These results suggest that the influence of salinity and pH on the critical shear stress of re-constituted Mattabi tailings was likely insignificant. The salinity and pH of the pore fluid of the Shebandowan tailings (sample 14) was 2.092 g/L and 3.97, respectively. The salinity of the eroding fluid was 0.145 g/L and its pH was 6.40. These results (for sample 14) suggest that salinity could play a significant role, say, by increasing critical shear stress. As shown in Table 2 , the salinity of the pore and eroding fluids of the Mattabi tailings samples (samples 1-13) and the kaolinite-tailings mixed samples (samples 15 and 16) are well below 0.25 g/L and the pH values are between 3.5 and 7.3. These results suggest that salinity and pH would likely not significantly influence the critical shear stress for Mattabi tailings and kaolinite mixed tailings samples. Table 3 also shows the physical and chemical properties of different tailings used in erosion experiments in the rotating circular flume (RCF) and wave flume (WF). Young and Southard (1978) observed that the critical shear stress values estimated from laboratory tests were larger than those estimated from the corresponding in situ values. They concluded that the difference in this critical shear stress was due to natural bioturbation. In the present study, the tailings were re-constituted in the laboratory under different particlesize distributions and the erosion experiments were conducted after only 3 days of consolidation. Hence, the biological influence on the initiation of motion and subsequent re-suspension of the tailings was probably insignificant and not accounted for in the analysis. The results of the X-ray diffraction analysis indicate that the main components of the Mattabi tailings were illite, chlorite, feldspar, quartz, pyrite, and pyrrhotite (Fig. 3) . The major minerals present in the Shebandowan tailings were kaolinite, chlorite, quartz, feldspar, pyrite, and pyrrhotite (Fig. 4) . According to the product data provided by United Clay Inc., the kaolinite contained SiO 2 (45.7%), Al 2 O 3 (37.4%), Fe 2 O 3 (0.80%), Na 2 O (0.05%), and K 2 O (0.33%) and had a specific surface of 24.25 m 2 /g.
Bed shear stress estimation
The flow-induced bed shear stress was estimated using two methods; namely, from the velocity profile and pressure change in the near-bed flow region (i.e., boundary layer). The water in the annular column was stirred with the motordriven stirrer at a speed ranging from 44 to 197 rpm. For each stirrer speed, the velocity profile at radial distances of 14, 11, 10, and 7 cm from the center of the column were measured with LDV. The flow-induced bed shear stress was estimated from the near-bed velocity distribution. As per the previous work of Geremew and Yanful (2011) on the same annular column, the results of the near-bed velocity profiles followed a logarithmic law over the bottom wall. The relationship between the average bed shear stress and the stirrer speed was established and is given by eq. [1]
where u is the stirrer speed in rpm and t b is the bed shear stress in Pa. The flow-induced bed shear stress was also estimated from the pressure change in the near-bed region (i.e., in the boundary layer) measured with Preston static tube; the details of this measurement using the same annular column is explained in Geremew and Yanful (2011) . The results of the measurement using these two methods were very comparable, with a maximum difference of less than 10% (Fig. 5) .
Consolidation of the tailings samples
For some of the re-constituted tailings samples, the total pore-water pressure was measured during the 3 days of consolidation in the annular column. Figure 6 shows the measured total pore-water pressure of the re-constituted tailings samples: sample 13 (re-constituted Mattabi tailings), sample 14 (re-constituted Shebandowan west cell tailings), and sample 16 (re-constituted Mattabi tailings -kaolinite mixture). For sample 14, which had a fines content of 72.87%, the total pore-water pressure was much higher at the beginning of consolidation and the excess pore-water pressure started dissipating over time. This suggests that the re-constituted sample 14 shows cohesive behavior. With similar arguments, samples 13 and 16 show cohesive behavior.
Concentration of re-suspended tailings
As explained in the sample preparation section, the reconstituted Mattabi tailings were consolidated for 3 days and the erosion experiments were carried out. As a means of determining the concentration of re-suspended solids, samples were taken after 10, 20, 30, and 40 min from the beginning of each shear stress increment using the sampling ports. The results of these measurements are shown in Figs. 7a and 7b . These figures also show that the erosion rate was high at the start and nearly nil at the end of each stress increment.
Critical bed shear stress for erosion and erosion rateexperimental
To formulate the erosion rate equations, the critical shear Can. Geotech. J. Downloaded from www.nrcresearchpress.com by University of Western Ontario on 11/15/11 stress and the relationship between erosion rate and bed shear stress should be known. The critical shear stress has been defined by some researchers as the stress at which initiation of motion first occurs (for example, Young and Southard 1978); a second group of researchers defined it as the stress at which significant erosion first occurs (Gust and Morris 1989; Maa et al. 1998; Roberts et al. 1998 ); a third group defined it as the shear stress that gives zero erosion rate, which is usually done by extrapolating the erosion rate -bed shear stress curve (Partheniades 1965; Sanford and Halka 1993; Ravens and Gschwend 1999) ; and a fourth group defined it as an increasing critical shear stress with depth (Parchure and Mehta 1985; Kuijper et al. 1989; Amos et al. 1997) . There is also no unique definition of the erosion rate. Some researchers defined it as the initial erosion rate just after the introduction of a new shear stress (Maa et al. 1998) , others defined it as the erosion rate after some initial response period (Ravens and Gschwend 1999) ; and another group defined it as the average erosion rate during a given stress increment. In the present study, the initial erosion rate for each shear stress increment was determined from the re-suspended tailings concentration -time relationship. The initial erosion rate was defined as the time rate of change in concentration of suspended tailings within the first 10 min of the stress increment and can be determined from eq. [2]
½2
E ¼ H 60 000
where E is the erosion rate in kg·m -2 ·s -1 , H (= 0.50 m) is the height of water above the tailings surface in the laboratory column in m, C 10 and C 0 are the concentrations of re-suspended tailings particles at the beginning and end of each time step in mg·L -1 , and t 10 -t 0 (= 10 min) is the time step in min.
The calculated initial erosion rates for the samples were plotted against the respective measured bed shear stresses and the best-fit lines were determined. The X-intercept for each of these lines at zero erosion rates represents an extrapolated value that has been taken as the critical shear stresses for the corresponding samples (Fig. 8) . It should be noted that negligible rates of erosion may occur for shear stresses less than the estimated critical shear stress (Hunt and Mehta 1985) . The critical shear stresses for surface erosion (t cr ) of the tailings were also estimated by visually observing and examining the applied shear stress that actually created "pitting of the surface" and made "the water cloudy." The visual observations and examinations were done during the erosion experiment by noting the stirrer speed during incipient motion of the particles and estimating the corresponding shear stress. The shear stress of the bed was correlated to the stirrer speed as presented in eq.
[1]. The critical shear stress for erosion (t cr ) for the re-constituted mine tailing samples and other tailings are as presented in Table 4 .
For all the re-constituted tailings, the results show that the critical shear stress determined from the relationship between the bed shear stress and concentrations of re-suspended solids was larger than the one determined by visual examination. This is due to the fact that at the time of initiation of motion of re-suspended particles, the concentration is so low that it is difficult to get representative samples with the sampling technique that was employed in this study.
The critical bed shear stress for erosion of the re-constituted Shebandowan tailings (sample 14) from the erosion experiment was quite low compared with the re-constituted Mattabi tailings (say, samples 12 and 13) even though its salinity was quite high (2.092 g/L) ( Table 2) . One of the probable reasons for this could be oxidation of the top thin layer of the 3 day consolidated re-constituted Shebandowan tailings. The transformation of sulphide minerals to secondary minerals (e.g., iron oxy hydroxides) due to oxidation can result in lower critical shear stress .
Based on linear regression analysis ( Fig. 9 and Table 4), a power law relationship can be used to describe the relation between the measured nondimensional excess bed shear stress, (t b -t cr )/t cr (where t b is the bed shear stress), and the erosion rate, E. The derived relation is as shown in eq. [3] and the details of the erosion constants, a and b, are as shown in Table 4 (Fig. 9) . Table 4 shows that the linear regression coefficient R 2 is very high (0.861-0.980) for samples 8 to 16 with fines content (f fine ) equal to or greater than 50% (Table 2) , which validates the assumption of a power law relationship.
Effect of fines content on critical shear stress
The critical shear stresses for the different re-constituted tailings samples were determined experimentally. Now, as a means of examining the effect of the percentage of fines in the critical shear stress, the experimentally determined nondimensional critical shear stress (t *-EX ) is compared to the nondimensional critical shear stress for noncohesive sediments (t *-NC ). Hence, the most widely used Shield's criterion for incipient motion of sediments modified by Cao et al. (2006) to give a better account of the smaller particles is used. The Shields diagram for empirically estimating the critical shear stress of noncohesive sediments is the relation between a particle parameter (that reflects the influence of gravity, density, and viscosity) and the critical mobility (Shields') parameter. Often the empirical function of Brownlie (1981) is used to model the original Shields diagram. Most of the samples used in this study have smaller grain sizes and so it is necessary that the smaller grain sizes of the Shields diagram be adequately fitted by the model function. Cao et al. (2006) found that the original Shields diagram and Brownlie's function poorly fit the available data of the critical shear stress for sizes smaller than fine sand and they have proposed the following explicit formulation (eq. [4]) of the Shields diagram for incipient motion of sediment (Fig. 10) . where t *-NC is the nondimensional critical shear stress for noncohesive sediments (i.e., critical mobility parameter), D * (= [(s -1)gd * 3 / n 2 ] 0.5 ) is the nondimensional particle parameter, s is the particle specific gravity, g is the gravitational acceleration, d * is the characteristic grain size, and n is the kinematic viscosity.
For a comparison, the Yalin and da Silva (2001) model has also been used. This model is described by eq.
[5] and plotted in Fig. 10 . 
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For personal use only. The experimentally determined critical bed shear stress for each of the samples used in the present study has been utilized to estimate the nondimensional particle critical mobility parameter (eq. [6]). Equation [6] is adopted from the Shields' critical mobility parameter (Shields 1936) 
½6
t Ã-EX ¼ t cr ðr s À r w Þgd 50 where t *-EX is the nondimensional critical mobility parameter for the tailings of the present study, t cr is experimentally determined critical bed shear stress in Pa, r s is the sediment particle density in kg/m 3 , r w is the density of water in kg/m 3 , g is acceleration due to gravity in m/s 2 , and d 50 is the median particle size of the tailings sample in m. Moreover, the median particle size of each of the tailings samples and their respective specific gravities were used to estimate the nondimensional particle parameters (eq. [7] )
where D *-EX is the nondimensional particle parameter for the tailings of the present study, s (= r s / r) is specific gravity, and r is the density. As mentioned earlier, Fig. 10 shows the criterion for incipient motion of noncohesive sediments after modification for fine sediments by Cao et al. (2006) in a log-log plot. It also shows the relationship between experimentally determined nondimensional critical bed shear stress (i.e., critical mobility parameters) and the corresponding nondimensional particle parameter for the 16 tailings samples of the present study, as well as the studies of Mian and Yanful (2007) , Davé et al. (2003) , and Samad and Yanful (2005) . This log-log plot shows that the deviation of the nondimensional critical shear stress (t *-EX -t *-NC ) of the finer samples is quite large and as the tailings particle sizes get larger, the deviation from the Cao et al. (2006) and Yalin and da Silva (2001) relations becomes smaller and smaller and, eventually, become nil.
To examine the role of fines on the cohesive behavior of the re-constituted tailings samples, the percentage of fines in each of the samples used in the present study have been plotted against the corresponding deviation of critical shear stresses (t *-EX -t *-NC ) in Fig. 11 . The results show that the critical bed shear stress increases rapidly when the fines content of the tailings material gets above 50% (Fig. 11) . This rapid increase in erosion resistance of the tailings is from the developed cohesion resistance of the fine-sized tailings because, as Table 2 suggests, the salinity and other chemical properties of the re-constituted tailings samples do not significantly influence the critical shear stress. Therefore, for the tailings investigated in the present study, a fines content of 50% to 55% (with clay content much less than 5%) can be considered as a transition from noncohesive to cohesive tailings. In general, the results suggest that the presence of 50% to 55% fines in tailings is sufficient to make the tailings cohesive and significantly increase its resistance to surface erosion for a confined water system, such as a tailings pond. In the transition from noncohesive to cohesive behavior, the tailings can be cohesive or noncohesive depending on the prevailing boundary condition and the chemical and mineralogical characteristics of the tailings under consideration.
As shown in Fig. 11 , the data with fines content higher than 50% (f fine > 50%) have been best-fitted with a linear curve resulting in eq.
[8] with a coefficient of correlation of 0.84 (R 2 = 0.84).
½8
t Ã-EX ! t Ã-NC þ 0:0013f fine À 0:0562 for f fine > 50% t Ã-EX ¼ t Ã-NC for f fine 50% Equation [8] suggests that tailings with a fines content less than 50% can be considered noncohesive.
Erosion rate constants, a and b
As explained earlier, eq.
[3] can reasonably describe the relation between the measured nondimensional excess bed shear stress and the re-suspension rate. The values of the erosion constants, a and b, have been estimated by regression analysis from the measured erosion data. As shown in Fig. 12 , for f fine > 50%, the relationship between the fines content (f fine in percent) and b can be estimated by eq. [9].
½9
b ¼ À0:0030f fine þ 1:2496
Equation [9] shows that the b value for this study varies between 1.2496 (f fine = 0%) and 0.945 (f fine = 100%) with an average value of 1.0973. This suggests that the value of b can be taken as 1 for all practical purposes for the samples and that the erosion equation will be linear (eq. [10])
10] is similar to the Ariatheniades-Partheniades equation, which is most often used to describe the erosion of cohesive natural sediments (Partheniades 1965; Ariathurai 1974) . The relationship between the percentage of fines and a is shown in Fig. 13 . The results show that the value of the erosion rate constant, a, decreases with an increase in fines content. This decrease is a result of the increase in cohesiveness at a fines content of 50% or greater.
Data from the rotating circular flume (Samad and Yanful 2005; Mian and Yanful 2007) and the wave flume (Davé et al. 2003) were also analyzed and plotted as shown in Fig. 11 ( Table 2 ). It is seen that the deviation of t *-EX from t *-NC is much higher than that of the re-constituted tailings samples of the present study. This may be due to the effect of salinity, the presence of organic matter, and other physical and chemical characteristics of the tailings.
Summary and conclusions
In the present study, the erosion characteristics of 16 laboratory re-constituted mine tailings were measured using a Plexiglas annular column under a 50 cm water cover. The annular column was 30 cm in diameter, 120 cm in height, and had a 9 cm annular flow width (Fig. 1) . Re-suspension was introduced through a motor-driven Teflon stirrer to investigate the initiation of motion and subsequent re-suspension of newly deposited laboratory reconstituted mine tailings. The velocity field in the column was calibrated by LDV and the pressure change in the boundary layer was also measured by Preston tube. The following conclusions are made from the laboratory experimental results.
• The bed shear stress estimated from the near-bed velocity profile (using an LDV) was in good agreement with values measured with the Preston tube. Therefore, the bed shear stress can be estimated accurately and inexpensively with a Preston static tube alone.
• The erosion rate for the tailings was high at the start and was nearly nil towards the end of each stress increment.
• The critical shear stresses for erosion (t cr ) for the tailings varied between 0.09 and 0.23 Pa for a range of fines content.
• The critical shear stress for erosion of the re-constituted Shebandowan west cell tailings was quite low compared with that of the re-constituted Mattabi tailings even though the salinity of the Shebandowan tailings was quite high (2.092 g/L). This could be due to the fact that the top thin layer of the 3 day consolidated, re-constituted Shebandowan tailings was probably oxidized.
• The linear regression analysis validates the assumption of a power law relationship between the measured nondimensional excess bed shear stress, (t b -t cr )/t cr , and the erosion rate, E, for the samples that showed cohesive behavior (samples 8 to 16).
• It was observed that the nondimensional critical shear stresses showed deviation from noncohesive sediments model results of Cao et al. (2006) and Yalin and da Silva (2001) at a fines content (<63 mm) greater than 50%-55%. This suggests that 50% to 55% fines in tailings (with clay content less than 5%) can be considered sufficient to make the tailings cohesive and significantly increase its resistance to surface erosion for a confined water system, such as a tailings pond.
• An empirical equation that shows the relation between the boundary shear stress deviation (t *-EX -t *-NC ) and the percentage of fines in the tailings was proposed.
• Based on the regression analysis, a power law relationship can be used to describe the relation between the measured nondimensional excess bed shear stress, (t b -t cr )/t cr , and the re-suspension rate, E.
• It is also proposed that the value of b in the power law erosion equation, E = a[(t b -t cr ) / t cr ] b , can be taken as 1 for mine tailings that show cohesive behavior. This, indeed, is similar to Ariatheniades-Partheniades (Partheniades 1965), which is most often used in the erosion of cohesive natural sediments.
